Glomerular hypertension is a major determinant advancing progression to end-stage renal failure. Podocytes, which are thought to counteract pressure-mediated capillary expansion, are increasingly challenged in glomerular hypertension. Studies in animal models of glomerular hypertension indicate that glomerulosclerosis develops from adhesions of the glomerular tuft to Bowman's capsule due to progressive podocyte loss. However, the molecular alterations of podocytes in glomerular hypertension are unknown. In this study, we determined the changes in gene expression in podocytes induced by mechanical stress in vitro (cyclic biaxial stretch, 0.5 Hz, 5% linear strain, 3 days) using cDNA arrays (6144 clones). Sixteen differentially regulated genes were identified, suggesting alterations of cell-matrix interaction, mitochondrial/metabolic function, and protein synthesis/degradation in stretched podocytes. The transcript for the matricellular protein osteopontin (OPN) was most strongly up-regulated by stretch (approximately threefold). By reverse transcriptase-polymer chain reaction, up-regulation of OPN mRNA was also detected in glomeruli of rats treated for 2.5 wk with desoxycorticosterone acetate-salt, an animal model of glomerular hypertension. In cultured podocytes, OPN coating induced a motile phenotype increasing actin nucleation proteins at cell margins and reducing stress fibers and focal adhesions. Intriguingly, additional OPN coating of collagen IV-coated membranes accelerated stretch-induced actin reorganization and markedly diminished podocyte loss at higher strain. This study delineates the molecular response of podocytes to mechanical stress and identifies OPN as a stretch-adapting molecule in podocytes.
vidence has been accumulating in experimental animal models that glomerular hypertension is a major determinant of progressive nephron degeneration following the pattern of "classic" focal segmental glomerulosclerosis (FSGS). Desoxycorticosterone acetate (DOCA)-salt treatment of rats leads to arterial hypertension, to an increase in glomerular capillary pressure as directly measured by micropuncture (1) , and to development of FSGS at the glomerular vascular pole (2) . Likewise, fawn-hooded hypertensive (FHH) rats develop vascular pole-associated FSGS (3) on the basis of an elevated systemic and glomerular capillary pressure (4, 5) . Intriguingly, in FHH rats, the autoregulatory response of preglomerular vessels, which normally limits the transmission of systemic arterial pressure fluctuations into glomerular capillaries, is practically absent already before the onset of FSGS (6, 7) , providing a strong clue for the causative role of elevated glomerular pressure. In addition to the evidence obtained in animal models, glomerular hypertension is likely to accelerate progression of FSGS also in humans, not least because progression can be slowed down significantly by antihypertensive therapy (8, 9) .
In DOCA-salt treated rats as well as in FHH rats, morphological studies suggest that podocytes play a key role in the pathogenesis of glomerular lesions (2, 3) . From these studies and others, the concept has emerged that progressive loss of podocytes initiates the development of FSGS through formation of tuft adhesions to Bowman's capsule (10) . Podocytes, which are thought to counteract pressure-mediated capillary expansion as a kind of pericyte (11) , are increasingly challenged in glomerular hypertension. The molecular mechanisms, through which chronically increased mechanical load damages podocytes, eventually causing them to fail, are however unknown.
We have demonstrated that podocytes are mechanosensitive and that mechanical stress induces a striking reorganization of the podocyte actin cytoskeleton (12) . More recently, Petermann and coworkers (13) have shown that mechanical stress regulates cell cycle proteins in podocytes. These findings indicate that mechanical load may have an impact on further aspects of podocyte biology as well. To progress toward a better understanding of how glomerular hypertension alters podocyte function, we aimed to identify genes that are differentially expressed in podocytes in response to mechanical stress. Using cDNA arrays, we found several genes to be differentially regulated by mechanical stress. Osteopontin (OPN), which was up-regulated by mechanical stress, profoundly altered the actin cytoskeleton in podocytes and enhanced the ability of podocyte to resist increased mechanical strain.
MATERIALS AND METHODS

Cell culture
Cultivation of conditionally immortalized mouse podocytes (kindly provided by Dr. P. Mundel, Albert Einstein College of Medicine, Bronx, NY) was done as recently reported (12) . In brief, podocytes were maintained in RPMI 1640 medium (Life Technologies, Karlsruhe, Germany) supplemented with 10% fetal bovine serum (FBS, Boehringer Mannheim, Germany), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Life Technologies). To propagate podocytes, cells were cultivated at 33°C (permissive conditions) and the culture medium was supplemented with 10 U/ml mouse recombinant γ-interferon (Life Technologies) to enhance expression of the temperature-sensitive large T antigen. To induce differentiation, podocytes were maintained at 38°C without γ-interferon (nonpermissive conditions) for at least 1 wk. Expression of WT-1 was routinely checked by immunofluorescence (Santa Cruz, Heidelberg, Germany). NIH 3T3 fibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM; Life Technologies) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 0.1 mg/ml streptomycin. For immunofluorescence studies, podocytes were seeded on glass coverslips, which were coated with solutions of 0.1 mg/ml mouse collagen IV (BD Bioscience, Bedford, MA) or 0.5 µg/ml (15 nM) mouse OPN (R&D Systems, Wiesbaden, Germany) for 30 min at room temperature. In some experiments, the culture medium was supplemented with 0.5 µg/ml OPN.
Mechanical stress experiments
Mechanical stress experiments were performed as reported previously (12) . Differentiated mouse podocytes were seeded in six-well plates with a flexible bottom (Bioflex, Flexcell International, Hillsborough, NC). The flexible membranes were coated with collagen I or IV, yielding identical results, to facilitate cell attachment. Additional coating or supplementation of the medium with OPN was done as described previously. Three days after seeding, the six-well plate was mounted on a manifold connected to the stretch apparatus (StretchCo, Edingen, Germany). Cyclic variations in air pressure caused upward and downward motion of the flexible membranes. Cycle frequency was adjusted to 0.5 Hz; maximum linear strain was adjusted to 5% or 7% as indicated. One to three wells were not subjected to mechanical stress and served as controls. Cell number on the silicone membranes was determined by counting F-actin-stained podocytes in 16 microscopic fields (2,11 mm 2 individual size) forming a quadratic 4×4 area.
Production of cDNA arrays
Clones of a mouse cDNA library, whose redundancy was reduced by oligonucleotide fingerprinting (14) , were spotted on nylon membranes (Hybond N + , Amersham, Freiburg, Germany). Polymerase chain reaction (PCR) amplification of cDNA inserts and cDNA spotting were performed as described previously (14, 15) . Arrays were printed using a 384-pin tool with cylindrical pins of 250 µm diameter. The 6144 cDNA clones were spotted in an array of 384 blocks. Each block (6×6 spots) consisted of 32 duplicate cDNA spots and four blank positions for background determination.
RNA isolation and hybridization
RNA isolation of cultured podocytes and total mouse kidneys was performed with a mixture of guanidine thiocyanate and phenol (TRI Reagent, Sigma, Deisenhofen, Germany) according to the manufacturer's protocol. Labeling and hybridization of total RNA with cDNA arrays was performed as described (14, 15) . In brief, 5 µg of total RNA were incubated with 1 µl of random hexamer solution (Pharmacia, Freiburg, Germany) in a total volume of 10 µl at 70°C for 10 min. After chilling on ice for 2 min, reverse transcription reaction was prepared (6 µl of 5× first-strand synthesis buffer; 3 µl of 0.1 M dithiothreitol; 1 µl of RNAse inhibitor; 1.5 µl of a nucleotide mix containing 20 mM dATP, 20 mM dTTP, 20 mM dGTP, 0.1 mM dCTP, and 7 µl of α 33 P dCTP with 10 µCi/µl). After incubation at 37°C for 2 min, 1.5 µl of reverse transcriptase (200 U/µl Superscript II, Gibco-BRL, Karlsruhe, Germany) was added and allowed to react for 1 h at 37°C. Probes were purified on Sephadex G50 columns. Nylon membranes were prehybridized in Church buffer (0.25 M sodium phosphate buffer, 1 mM EDTA, 1% bovine serum albumin [BSA] , 7% sodium dodecyl sulfate [SDS]) at 65°C for 1 h. After hybridization at 65°C for 15 h in 5 ml Church buffer containing the whole labeled probe, membranes were washed at 65°C.
cDNA array analysis
Arrays were exposed to Fuji BAS-SR 2025 intensifying screens for 4 h or 19 h, depending on the bound radioactivity, and scanned at 25 µm resolution with a Fuji BAS 5000 phosphoimager (Raytest, Straubenhardt, Germany). Image files were analyzed with VisualGrid software (GPC Biotech, Martinsried, Germany). First, images were aligned manually with the array pattern to correct for small distortions of the membranes. The intensities I of all 12,288 cDNA spots and 1536 background spots were recorded. Each membrane was normalized by the sum of all intensities in a way that the mean spot intensity was equal to 1. Background noise was <10% of mean spot intensity. The dynamic range of intensities was >1000. Spots whose intensities were <0.5 on all membranes were excluded from further analysis.
The intensities of the four spots (two membranes with duplicate spots) were averaged to obtain the expression level L under control conditions and mechanical stress, respectively. To identify up-and down-regulated RNA species, we calculated the ratio R=L stretch /L control . Expression was considered up-regulated for R>1.5 and down-regulated for R<0.5. Clones identified by these criteria were outside the 95% prediction interval of the linear regression, which was calculated for L stretch as a function of L control . The consistency of intensities of related signals on single membranes and between membranes was assessed by the following two parameters: 1) intramembrane variation V intra , which is the average of the relative differences D=(I A -I B )/I B (with I A >I B ) in intensities (I A and I B ) of the duplicate spots (A and B) on single membranes; 2) intermembrane variation V inter , which is the average of the relative difference D'=(I 1 -I 2 )/I 2 (with I 1 >I 2 , I 1 =(I 1A +I 1B )/2, I 2 =(I 2A +I 2B )/2) in intensities between related spots on the two membranes (membrane 1 and membrane 2) of the same experimental condition (control or stretch). Signals of individual cDNA clones were accepted as up-or down-regulated only if intra-and intermembrane variation were below a certain limit (V intra <30% and V inter <45%). All spots of cDNA clones that were differentially regulated by mechanical stress and that passed the consistency criteria were then inspected individually on the membrane images. If spots were observed to be merged with neighboring spots of high intensity, they were discarded. The remaining differentially regulated clones were resequenced (in-house facility at the Max Planck Institute and SeqLab, Göttingen, Germany) to confirm their identity.
Reverse transcriptase (RT)-PCR
RNA was isolated as described previously. RT-PCR was done as reported previously (16) . For detection of podocalyxin, OPN, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), sequence specific primers were designed: mouse podocalyxin (GenBank accession # AF290209), sense 5' GAA AGG AGC CCT CTG GAT GA 3', antisense 5' GGG CTC AGG CAC AAG TAG GT 3', 820-bp product size; mouse OPN (accession # NM_009263), sense 5' GCC TGA CCC ATC TCA GAA GC 3', antisense 5' AGG TCC TCA TCT GTG GCA TC 3', 390-bp product size; mouse GAPDH (GenBank accession # NM_008084), sense 5' GTG AAG GTC GGT GTG AAC GGA TTT G 3', antisense 5' ACA TTG GGG GTA GGA ACA CGG AAG G 3', 710-bp product size; rat GAPDH (GenBank accession # AF106860), sense 5' CAT GGA GAA GGC TGG GGC TC 3', antisense 5' AAC GGA TAC ATT GGG GGT AG 3', 415-bp product size. OPN primers were chosen in coding regions of the mouse OPN gene with identical nucleotide sequence to the rat OPN mRNA (GenBank accession # NM_009847). Podocalyxin was amplified in 35 cycles with an annealing temperature of 60°C. In additional experiments, cycle number and primer concentrations were worked out that yielded linear amplification in a simultaneous RT-PCR for OPN and GAPDH. To amplify RNA of cultured mouse podocytes, 300 ng of total RNA, 26 cycles, 62°C annealing temperature, and concentrations of 50 nM OPN primer and 67 nM GAPDH primer were used. To amplify RNA of isolated rat glomeruli, 300 ng of total RNA, 24 cycles, 62°C annealing temperature, and concentrations of 50 nM OPN primer and 20 nM GAPDH primer were used. Specificity of RT-PCR reactions was confirmed by product size, by omission of RT, and by endonuclease restriction analysis.
To quantify RT-PCR products, ethidium bromide-stained gels were digitized (Intas, Göttingen, Germany) and analyzed with Molecular Analyst software (Biorad, München, Germany). A range of 20-fold concentration variations could be quantified reliably as determined in calibration experiments. RNA isolation, RT-PCR, and gel analysis of OPN and GAPDH mRNA expression were always performed in a pairwise fashion to compare two experimental conditions (e.g., stretch vs. control). OPN and GAPDH product intensities were expressed in arbitrary units (AU); product intensities under control conditions were set to 1 AU.
Northern blot
RNA was isolated as described previously. Total RNA (30 µg per lane) was resolved on 1% agarose-formaldehyde gels and blotted onto Hybond-NX nylon membranes (Amersham) overnight. Equal loading was verified by staining membranes with blot stain (Sigma). Using the clone of the cDNA array, we amplified the OPN probe by PCR from the pSV-SPORT plasmid with Sport3 and Sport5 primers (14) and 32 P labeled with the RadPrime DNA Labeling System (Gibco-BRL). Prehybridization was done in PerfectHyb Plus Hybridization Buffer (Sigma) at 65°C for 2 h. Membranes were hybridized in 7 ml PerfectHyb Plus Hybridization Buffer containing the 32 P labeled probe at 65°C overnight. Membranes were washed in 2× SSC containing 0.1% SDS for 20 min at room temperature, and for 20 min and 10 min at 65°C.
DOCA-salt rats and isolation of glomeruli
Experiments were performed on eight adult male Wistar rats (500 g) in accordance with national animal protection guidelines. Four animals were treated by a weekly s.c. injection of 30 mg/kg DOCA (Streuli, Uznach, Switzerland) and by supplementing the drinking water with 1% NaCl. The other four animals remained untreated and served as controls. After 2.5 weeks of treatment, kidneys were removed and glomeruli were isolated by the sieving technique as reported previously (12) . The purity of isolated rat glomeruli is >95% as assessed by light microscopy.
Immunofluorescence
Immunofluorescence procedures used were identical to those reported previously (17) . In brief, cells were fixed (2% paraformaldehyde, 4% sucrose), permeabilized (0.3% Triton X-100), and blocked in blocking solution followed by antibody incubation. The following antibodies were used: rabbit anti-podocalyxin (kindly provided by Dr. M.G. Farquhar, University of California, San Diego, CA), mouse anti-vinculin (Sigma), a rabbit antibody against the p41 subunit of the ARP2/3 complex (kindly provided by Dr. H. Higgs, Dartmouth Medical School, Hanover, NH), and rabbit anti-cortactin (kindly provided by Dr. X. Zhan, American Red Cross, Rockville, MD). Antigen-antibody complexes were visualized with Cy3-conjugated secondary antibodies (Dianova, Hamburg, Germany). F-actin was visualized using fluorochrome (Alexa)-conjugated phalloidin (Molecular Probes, Eugene, OR). Specimens were viewed with a confocal laser scanning microscope (TCS-SP, Leica Microsystems, Bensheim, Germany) or with a standard fluorescence microscope (DM IRBE, Leica Microsystems, Bensheim, Germany) equipped with a cooled CCD camera (Photonic Science, Robertsbridge, UK) and OpenLab software (Improvision, Coventry, UK) for image acquisition.
RESULTS
In this study, we used the conditionally immortalized podocyte cell line, which was established by Mundel and coworkers (18) . This cell line was generated by selecting WT-1 positive clones after limiting dilution of cells from glomerular explants of H-2K b -tsA58 transgenic mice (18) . Expression of various podocyte markers has been demonstrated in these cells, for example, synaptopodin, vimentin (18) , CD2AP, and α-actinin-4 (17). Recently, it has been reported that parietal glomerular epithelial cells undergo phenotypic modulation in culture expressing WT-1 and synaptopodin but not podocalyxin (19) . Therefore, podocalyxin expression was assessed in conditionally immortalized cells to further confirm their podocyte phenotype. Differentiated podocytes clearly expressed podocalyxin as demonstrated by RT-PCR (Fig. 1A) and by immunofluorescence staining (Fig. 1B) .
To identify genes that are differentially regulated in podocytes during chronic exposure to mechanical stress, podocytes were cultured on flexible membranes which were stretched in a biaxial (5% linear strain) and cyclic (0.5 Hz) fashion for 3 days. RNA isolated from stretched podocytes and unstretched controls was hybridized on nylon membranes, on which cDNAs of 6144 clones were spotted in duplicate ( Fig. 2A) . The expression levels (averaged normalized intensities) on stretch vs. control membranes clustered around a straight line with L stretch =-0.094+1.059·L control and r 2 =0.93 (Fig. 2B) . The median of variation between duplicate spots on single membranes (intramembrane variation) was 15%. The median of variation between related spots on membranes (intermembrane variation) was 25%. There were 14 cDNA clones corresponding to nine genes that were found to be up-regulated (Table 1) , and 12 cDNA clones corresponding to seven genes that were down-regulated (Table 2 ; see Materials and Methods for selection criteria). The following genes were found to be up-regulated in response to mechanical stress: OPN, the tumor susceptibility gene TSG101, the M2 isoform of pyruvate kinase, the heat shock cognate protein hsc73, the RNA-binding protein DEF-3, calmodulin I, and ribosomal components (28S rRNA and ribosomal proteins rpL7 and rpL12). The OPN message showed the strongest (about threefold) up-regulation (Fig. 2C) . Down-regulation in response to mechanical stress was observed for the following genes: ferritin heavy and light chains, subunits 4 and 4L of NADH dehydrogenase, the GST1-1 isoform of glutathione S-transferase, and tissue transglutaminase (TGM2), which is also known as the G h G-protein. In addition, the EST AI465668 was among the down-regulated RNA species. The RNA transcripts for TSG101, for the M2 isoform of pyruvate kinase, for the ferritin heavy chain, for the NADH dehydrogenase subunits, and for the 28S ribosomal subunit hybridized with more than one cDNA clone. Almost identical ratios of expression levels between stretch and control conditions and very similar absolute hybridization signals were obtained for the related cDNA clones, demonstrating the reliability of the cDNA array approach.
Because of the strong up-regulation of OPN and because of its possible involvement in podocytes adhesion as a matrix protein, we focused our further analysis on OPN. First, upregulation of OPN mRNA by mechanical stress in podocytes was confirmed by RT-PCR and Northern blotting (Fig. 3) . In RT-PCR experiments, OPN product intensity was increased 1.8±0.1-fold (P<0.01; n=4) in stretched podocytes compared with unstretched controls, whereas GAPDH product intensity remained unchanged (1.1±0.2; P=0.7; n=4). OPN as well as GAPDH product intensity increased linearly with RNA concentration for the reaction conditions used (r 2 =0.99 and 0.98). In addition, RT-PCR accuracy was high, as indicated by a relative variation of the signal around the mean between duplicate reactions of 9±2% for OPN and 6±2% for GAPDH (measured for n=16 pairs). The up-regulation of OPN mRNA in stretched podocytes was confirmed also by Northern blotting, which showed about a 2.5-fold increase.
Because we were able to demonstrate up-regulation of OPN by mechanical stress in podocyte in vitro, we wished to extend our finding to the in vivo situation. DOCA-salt treatment of rats is a well-characterized model to induce FSGS through elevation of glomerular capillary pressure (1, 2) . Systemic blood pressure in DOCA-salt treated rats is already elevated after 2 wk of treatment, at a time when glomerular damage is practically absent (20) . Therefore, we isolated RNA from glomeruli of rats that were either DOCA-salt treated for 2.5 wk or were untreated. RT-PCR showed that OPN product intensity was increased 2.9±0.4-fold (P<0.05; n=4) in glomeruli of DOCA-salt treated rats compared with untreated controls (Fig. 4A and 4B ), whereas GAPDH product intensity remained unchanged (1.0±0.1; P=0. 8; n=4) . Linearity between OPN and GAPDH product intensity and RNA concentration (both r 2 =0.97) was established for the reaction conditions used. To exclude the possibility that DOCA up-regulates OPN expression in podocytes, DOCA (1 µM) or solvent was added to cultured podocytes for 3 days. Neither OPN nor GAPDH expression in cultured podocytes was altered by exposure to DOCA as determined by RT-PCR (Fig. 4C and 4D) . Compared with controls, OPN and GAPDH product intensities in DOCA-treated podocytes were 0.8±0.1 (P=0.2; n=3) and 0.9±0.1 (P=0.6; n=3), respectively.
To elucidate the function of OPN in podocytes, we examined the phenotype of podocytes that were cultured in the presence of OPN for 3 days. Because OPN could act on podocytes as a matrix component or a soluble factor, experiments were carried out first with both OPN-coating and OPN addition to the medium. OPN coating only was then used to find out whether this would be sufficient to elicit similar effects in podocytes. Compared with collagen IV coating, OPN induced a migratory phenotype in podocytes, that is, the number of cells with lamellipodia and membrane ruffles was elevated. Lamellipodia were observed in 52% (OPN coating + in medium) and 45% (OPN coating) of cells compared with 23% of cells on collagen IV, as counted in one representative experiment (n=200 cells per condition). OPN markedly reduced the number of stress fibers in podocytes (Fig. 5a-c) . Focal adhesions as visualized with an antibody against vinculin were large and stripelike in podocytes cultured on collagen IV, whereas their size was greatly diminished on OPN (Fig. 5d-f) . In contrast, an antibody against the p41 subunit of the ARP2/3 complex (p41ARC), indicating sites of ongoing actin nucleation, was present at almost the complete cell margin of podocytes cultured on OPN (Fig. 5h-i) , whereas only some membrane protrusions stained positively for p41ARC on collagen IV (arrow in Fig. 5g) . Furthermore, the cytoplasmic p41ARC staining was enhanced in OPN-treated podocytes. Cortactin, which activates the ARP2/3 complex (21) and stabilizes newly formed actin branches (22) , showed a similar distribution as p41ARC (Fig. 5j-k) . While only a few membrane protrusions were labeled with cortactin in podocytes on collagen IV (arrow in Fig. 5j ), OPN increased overall and cell margin intensity for cortactin (Fig. 5k-l) . OPN coating alone was sufficient to induce a migratory phenotype in podocytes associated with the reduction of stress fibers and focal adhesions, and recruitment of the ARP2/3 complex and cortactin to the cell margin. The presence of OPN in the medium caused an additional increased meshwork-like staining for F-actin (arrow in Fig. 5b ) and vinculin (Fig. 5e ). Taken together, OPN causes a shift from F-actin structures with slow turnover (e.g., stress fibers) to highly dynamic F-actin structures (e.g., lamellipodia) in podocytes.
Recently, we have shown that mechanical stress induces a unique reorganization of the actin cytoskeleton in podocytes: Thick and dense bundles of transversal stress fibers are replaced by a few radially oriented stress fibers and an actin-rich center (ARC) is formed in every cell (12) . Whether OPN, which augments dynamic F-actin structures, facilitates this stretch-induced actin reorganization in podocytes was tested in stretch experiments. After 3 days of stretching, all podocytes possess an ARC, whereas an ARC is present in about only 50% of the cells after 1 day of mechanical stretch (12) . In the presence of OPN, podocytes showed remarkable formation of ARCs already after application of mechanical stress (5% linear strain) for only 4 h (data not shown). Thus, we speculated that OPN accelerates actin reorganization and thereby might enhance adaptation of podocytes to higher strain. At 7% linear strain for 1 day, actin reorganization in podocytes on collagen IV was incomplete (Fig. 6a) . Transversal stress fibers were still present in many cells, and ARCs with radial stress fibers were developping (arrow in Fig. 6a ). In the presence of OPN, the formation of ARCs with radial stress fibers was almost completed within 1 day (Fig. 6b-c) . Quantitative analysis demonstrated that OPN coating alone was sufficient to accelerate the stretch-induced actin reorganization (Fig. 6B) . At this time, we did not note a striking effect of OPN on the number of podocytes that were attached to the substratum. Stretching podocytes for 2 days with 7% linear strain again resulted in a complete actin reorganization, that is, formation of ARCs and radial stress fibers in OPN treated podocytes (Fig. 7e-f) . In contrast, the few podocytes that remained on membranes in the absence of OPN showed poor actin reorganization with frequent persistance of transversal stress fibers (Fig. 7d) . OPN coating and addition to the medium altered F-actin distribution in unstretched podocytes on collagen IV-coated membranes (Fig. 7a-c) in a similar fashion as it was observed for uncoated coverslips (see Fig. 5a-c) , that is, OPN reduced stress fibers. Intriguingly, after 2 days at 7% linear strain, the number of podocytes was about three times lower on membranes coated only with collagen IV compared with those to which OPN had been added (Fig. 7B and 7C) . Again, OPN coating alone was sufficient to enhance adaptation of podocytes to higher strain.
DISCUSSION
In this study, we uncover molecular mechanisms that are likely to be operative in glomerular hypertension. Using cDNA array analysis, we discovered that several genes were up-or downregulated in podocytes in response to mechanical stress (Table 1 and 2 ). The known functions of these differentially regulated genes suggest that mechanical stress affects the following aspects in podocytes (Table 3) : cell-matrix interaction, signal transduction, mitochondrial and metabolic function, oxidative stress, and protein synthesis and degradation.
OPN was the most strongly up-regulated gene in podocytes in response to mechanical stress. Mechanical stress has also been demonstrated to increase OPN expression in osteoblasts and proximal tubular cells (23, 24) . In the kidney, OPN has so far received attention mainly because of its cell-protecting and macrophage-attracting effects in the interstitial and tubular compartment (25) . However, glomerular OPN expression has been reported in anti-glomerular basement membrane (GBM) glomerulonephritis (26) and more recently in DOCA-salt-treated rats after 6 wk of treatment (27) . Glomerular OPN mRNA and protein were visualized in podocytes and parietal glomerular epithelial cells (26, 27) . By using sensitive RT-PCR, we were able to detect an increase in glomerular OPN mRNA after 2.5 wk of DOCA-salt treatment, arguing for a primary role of increased glomerular pressure in up-regulating glomerular OPN in vivo.
Although OPN is well-known to support cell adhesion and to activate survival-promoting signaling cascades (28) , the specific function of OPN in stretched cells has not been examined to date. Intriguingly, OPN accelerated the stretch-induced reorganization of the actin cytoskeleton in podocytes, that is, formation of ARCs and radial stress fibers, and markedly diminished the loss of podocytes at higher strain in our experiments. Treatment of podocytes with Ni 2+ or with the Rho kinase inhibitor Y-27632, which both abolish the stretch-induced actin reorganization (12) , is associated with considerable loss of cells from the stretched membranes (Endlich et al., unpublished results). In conclusion, the stretch-induced actin reorganization appears to be necessary for podocytes to withstand mechanical stress. Thus, podocytes survive higher strains in the presence of OPN, because the reorganization of their actin cytoskeleton is completed much earlier.
OPN reduced stress fibers and diminished the size of focal adhesions in unstretched podocytes. Similar to OPN-treated unstretched podocytes, stretched podocytes with a proper reorganization of the actin cytoskeleton contain only a few (radially arranged) stress fibers compared with the thick and dense bundles of stress fibers in unstretched cells (see Fig. 5a ). Moreover, OPN increased lamellipodia formation and localization of cortactin and ARP2/3 to the cell margin. This increase in dynamic actin structures enables podocytes to more rapidly reorganize the actin cytoskeleton in response to mechanical stress. In a preliminary report, mechanical stress has been shown to increase SPARC (secreted protein acidic and rich in cysteine) expression in cultured podocytes (29) . Similar to our results for OPN, SPARC promotes disassembly of stress fibers and focal adhesions (30) . Thus, there may be further proteins that are up-regulated in reponse to mechanical stress in podocytes, acting in a similar way as OPN.
Despite the beneficial effect of OPN on stretched podocytes, up-regulation of OPN in podocytes could exert some unfavorable effects on the glomerular filtration barrier. In this regard, glomerular macrophage influx correlates with glomerular OPN expression (26, 27) . Because OPN enhanced the motility of podocytes, OPN could interfere with foot process interdigitation, proper formation of slit diaphragms, and cell adherence. Concerning the latter, we observed down-regulation of the extracellular matrix cross-linking enzyme tissue transglutaminase (TGM2). Down-regulation of TGM2 probably weakens podocyte-GBM interaction, because overexpression or deficiency of TGM2 result in increased or decreased cell adherence, respectively (31, 32) . Diminished expression of α 3 and β 1 integrins in stretched podocytes, as presented in a preliminary report, further suggests a reduction in cell adherence (33) .
Concerning other molecular changes in stretched podocytes, down-regulation of the NADH dehydrogenase subunits 4 (ND4) and 4L (ND4L) (see Table 2 ), which belong to the seven mitochondrially encoded subunits of the more than 43 subunits of the NADH dehydrogenase complex (complex I) (34), could result in mitochondrial dysfunction. Thus, up-regulation of pyruvate kinase M2 in stretched podocytes (see Table 1 ) may reflect increased glucose utilization through the anaerobic pathway. Furthermore, mitochondrial complex I deficiency leads to increased production of superoxide radicals (35) . Together with the observed downregulation of glutathione S-transferase and ferritin chains, which prevent the formation of the highly reactive hydroxyl radical from hydrogen peroxide in the presence of reduced iron (36), oxidative stress might be elevated in stretched podocytes. Mitochondrially encoded but not nuclearly encoded transcripts of respiratory chain complexes have recently been reported to be down-regulated in the congenital nephrotic syndrome of the Finnish type and in animal models of proteinuria (37, 38) . Given the established role of reactive oxygen species in several types of glomerular damage (39, 40) , mitochondrial dysfunction and reactive oxygen species could contribute to podocyte failure in glomerular hypertension.
In this study, we identified several genes that are differentially regulated by mechanical stress in podocytes. Differential expression of these genes points to specific alterations in podocyte function, guiding further investigations into the molecular mechanisms of glomerular hypertension. Specifically, our results demonstrate that OPN, being up-regulated in stretched podocytes and in glomeruli of DOCA-salt treated rats, enhances adaptation of podocytes to mechanical stress via changes in the actin cytoskeleton. chain reaction yielded a 820-bp product for podocalyxin in total mouse kidney and in differentiated podocytes at various passages (passage 10 and 13 are shown), whereas NIH 3T3 fibroblasts were negative. B) Differentiated podocytes showed a strong perinuclear and membrane staining for podocalyxin, using a polyclonal antibody directed against the cytoplasmic domain of podocalyxin. Scale bar indicates 25 µm. conditions: On collagen IV-coated coverslips and standard medium; on OPN-coated coverslips and medium to which OPN (15 nM) had been added; on OPN-coated coversplis and standard medium. OPN decreased the number of stress fibers (a-c) and reduced the size of focal adhesions (d-f). Podocytes grown in medium containing OPN exhibited a dense F-actin meshwork (arrow in b) and a diffuse vinculin staining (e). The p41 subunit of the ARP2/3 complex (p41ARC) and cortactin localized to some protrusions of podocytes cultured on collagen IV (arrows in g and j). In the presence of OPN, cell margins stained prominently for p41ARC (h, i) and cortactin (k, l). Lamellipodia formation is evident in the presence of OPN. Images were taken by confocal microscopy with identical parameter settings for each type of staining. Because F-actin intensity was very low in podocytes cultured on OPN-coated coverslips (c), the cell contour is outlined by the dashed line. Scale bar indicates 20 µm. Transversal stress fibers are still present, and formation of the ARC is incomplete (arrow in a). In the presence of OPN, podocytes on collagen IV membranes displayed an almost complete F-actin reorganization in response to mechanical stress, that is, radial stress fibers and ARCs (b, c). Images were taken by confocal microscopy, with identical parameter settings for each type of staining. Scale bar indicates 20 µm. B) Quantitative analysis in one representative experiment (n=120 cells per condition) demonstrates that cells stretched in the absence of OPN less frequently have ARCs and radial stress fibers and more frequently retain transversal stress fibers (SF). *P<0.05 collagen IV without OPN vs. + OPN (coating + medium) and + OPN (coating) using the χ 2 -test. OPN (a-c) . Application of mechanical stress with 7% linear strain for 2 days induced reorganization of the actin cytoskeleton in OPN-treated podocytes (e, f). In contrast, podocytes showed poor reorganization of the actin cytoskeleton when stretched in the absence of OPN (d). Images were taken by confocal microscopy with identical parameter settings for each type of staining. Scale bar indicates 20 µm. B) A lower density of podocytes on membranes, exposed to mechanical stress (7% linear strain for 2 days), was encountered in the absence of OPN (g) compared with the cell density on OPN-treated membranes (h, i). Cells were stained for F-actin and visualized by standard fluorescence microscopy. Mean cell density on unstretched membranes was 16.0 cells/mm 2 and did not differ among the three experimental conditions. Scale bar indicates 200 µm. C) Quantitative analysis demonstrates the marked reduction of cell number caused by mechanical stress in the absence of OPN. Cells were counted for each condition after application of mechanical stress and in unstretched control wells. Cell numbers are expressed as percent of the respective controls. Data are means ±SE of n=3 experiments. *P<0.05 collagen IV without OPN vs. + OPN (coating + medium) and + OPN (coating), using ANOVA and the StudentNewman-Keul's test.
